Abstract Chitinases are necessary for fungal cell wall remodeling and cell replication. Methylxanthines have been shown to competitively inhibit family 18 chitinases in vitro. We sought to determine the effects of methylxanthines on fungal chitinases. Fungi demonstrated variable chitinase activity and incubation with methylxanthines (0.5-10 mM) resulted in a dose-dependent decrease in this activity. All fungi tested, except for Candida spp., demonstrated growth inhibition in the presence of methylxanthines at a concentration of 10 mM. India ink staining demonstrated impaired budding and decreased cell size for methylxanthine-treated Cryptococcus neoformans. C. neoformans and Aspergillus fumigatus treated with pentoxifylline also exhibited abnormal cell morphology. In addition, pentoxifylline-treated C. neoformans exhibited increased susceptibility to calcofluor and a leaky melanin phenotype consistent with defective cell wall function. Our data suggest that a variety of fungi express chitinases and that methylxanthines have antifungal properties related to their inhibition of fungal chitinases. Our results highlight the potential utility of targeting chitinases in the development of novel antifungal therapies.
Introduction
Chitin, a polymer of b(1,4)-linked N-acetylglucosamine (GlcNAc), is a highly conserved and is essential for structural integrity of the fungal cell wall [1] . The deacetyl derivative of chitin, chitosan, also plays a role in the virulence of some fungi like C. neoformans by linking the capsule to the cell wall [1, 2] .
Chitinases are chitin-degrading enzymes produced by viruses, bacteria, fungi, insects, plants, and animals. Fungal chitinases are essential for cell replication and division, and contribute to cell nutrition, morphogenesis, and parasitism [3] . Fungal chitinases appear to be particularly important for cell wall remodeling during periods of growth, replication, and repair [3] . In humans and other mammals, chitinases are thought to play a protective role against chitin containing pathogens [4, 5] , but have also been implicated in the pathogenesis of asthma [6, 7] .
The methylxanthines, including pentoxifylline, aminophylline, and caffeine, are used to treat a variety of human diseases like asthma, chronic obstructive pulmonary disease, peripheral vascular disease, liver cirrhosis [8] , and apnea of prematurity. Methylxanthines are thought to act primarily as phosphodiesterase inhibitors [9] , but also act as adenosine receptor antagonists [10] and induce histone deacetylase activity [11] . A recent drug library screening by Rao et al. [12] demonstrated that methylxanthines competitively inhibited the family 18 chitinases in fungi and humans. Likewise, inhibition of Saccharomyces cerevisiae chitinase 1 with a theophylline derivative has been described [13] . In these studies, we sought to determine whether methylxanthines inhibit fungal chitinases and to understand the effects of chitinase inhibition on fungal growth and morphology.
Methods

Organisms and Methylxanthines
The following fungi were used in these studies: C. neoformans (CN), American Type Culture Collection (ATCC) strain 20467; the unencapsulated C. neoformans strain CAP67, C. albicans, ATCC strain 20049; C. parapsilosis strain GA1 (a kind gift of Dr. Joshua Noshanchuk) (13) ; Alternaria alternata ATCC 20084 and Aspergillus fumigatus ATCC 293 (a kind gift of Dr. Marta Feldmesser). Pentoxifylline (PTX), aminophylline, and caffeine were purchased from Sigma (St. Louis, MO).
Protein Extracts
Protein extracts were prepared as previously described [14] . Briefly, cultures of CN 24067 and C. albicans were grown in YPD (Difco) at 30°C for 3 days. Crude protein extracts were prepared from 1.7 9 10 9 organisms. Homogenization was performed using a Minibead Beater (BioSpec Products) in PBS containing protease inhibitors (Roche, Manheim, Germany). Alternaria alternata was grown in Sabouraud's dextrose broth for 5 days at 30°C while Aspergillus fumigatus under the same conditions in defined media [15] . Fungi were collected by vacuum filtration and pulverized manually with a pestle in protease inhibitor solution. Supernatants were collected and protein concentration determined by bicinchoninic acid assay (Pierce) [14] .
Chitinase Activity
Chitinase bioactivity was measured as previously described [16] . Briefly, 50 ll of protein extracts were incubated with 4-Methylumbelliferyl b-D-N,N 0 -diacetylchitobioside hydrate (Sigma) in citrate-phosphate buffer (pH 5.2). Reactions were stopped with 0.3 M glycine/NaOH buffer (pH 10.6) and fluorescence measured (Perkin Elmer; excitation 355 nm; emission 460 nm). Chitinase activity was extrapolated from a standard curve generated using chitinase from Streptomyces griseus (Sigma). In some experiments, methylxanthines at varying concentrations were incubated with protein extracts at 37°C for 15 min prior to addition of the substrate.
Growth Assays
Turbidity Measurements
For CN 24067, CAP67, and Candida spp., 5 9 10 4 organisms per well were inoculated on a 96-well plate in 200 ll of either chemically defined media (15 mM glucose, 10 mM MgSO4, 29.4 mM KH 2 PO 4 , 13 mM glycine, and 3.0 lM vitamin B1) or Sabouraud's dextrose broth with varying concentrations of methylxanthines (0.001-10 mM). The concentrations were determined empirically, based on small pilot studies. Plates were incubated with continuous shaking in an Easy Bioscreen Reader (Oy Growth Curves, Piscataway, NJ) at 37°C or 30°C for CN and 30°C for Candida spp. Absorbance at 600 nm was measured every 30 min for 4-5 days. For Aspergillus and Alternaria, organisms were grown for 6-10 days on agar plates. Conidia were harvested in PBS containing 0.025% Tween-20 and diluted to 1.0 9 10 5 per ml of RPMI 1640 with L-glutamine and without bicarbonate, pH 7.0. PTX was added to conidial suspensions in a flat bottom microtitration plate. Wells containing media only were used to determine background absorbance. Absorbance was measured at 630 nm at time 0 and again at 48 h of incubation at 37°C.
Colony-Forming Unit Enumerations
C. albicans, C. parapsilosis, and CN were inoculated into Sabouraud's dextrose broth or defined media containing different concentrations of methylxanthines and placed in a rotary shaker. CN were grown at 37°C and Candida spp. at 30°C for 3-7 days and an aliquot removed at various times. Organisms were counted with a hemacytometer, appropriately diluted, and plated on Sabouraud's dextrose agar.
XTT Assay CN 24067, CAP67, and C. albicans (1 9 10 4 organisms) were cultured in Sabouraud's dextrose broth with or without PTX (10 mM). Organisms were cultivated at 37°C (CN) and 30°C (C. albicans) with shaking. After 72 h, the XTT assay was performed as described [17] . For A. fumigatus, 1 9 10 4 spores were cultured in RPMI (in a 96-well plate) at 37°C for 24 h with varying concentrations of PTX and aminophylline. An aliquot (100 ll) of each culture was combined with XTT salt (1 mg/ml in PBS) and menadione solution (Sigma). Absorbance (492 nm) was measured at 5 h.
Fungal Cell Morphology
CN 24067 were cultured in Sabouraud's dextrose broth at 37°C for 3 days with or without PTX (10 mM). Non-treated organisms were diluted to produce similar numbers of organisms on microscopy compared with treated cells. Cells were stained with India ink. Forty non-budding organisms of both treated and untreated groups were studied at 1009 magnification. Cell diameter and cell capsule thickness were measured using Image J software (NIH, Bethesda, MD). To estimate the budding patterns of CN, 20 random fields at 409 magnification were studied. The percentage of budding cells and presence of one or more buds were also determined.
Fluorescent Microscopy
CN 24067 and A. fumigatus cell structures were visualized with stains specific to the cell wall, capsule, and chitosan as described [18] . CN 24067 and A. fumigatus were cultured in Sabouraud's dextrose broth at 37°C for 3 days with or without PTX (10 mM). Organisms were washed twice in PBS and suspended in 500 ll of 1% bovine serum albumin in PBS (PBS-BSA) for 30 min at 37°C. Cells were then suspended in 100 ll each of 5 ll/ml solution of Alexa-Fluor 594 conjugated wheat germ agglutinin WGA (Invitrogen, Carlsbad, CA), 25 lM calcofluor white (Sigma), and 20 lg/ml mAb 18B7, and incubated for 30 min at 37°C. The cells were washed in PBS and then suspended in 10 lg/ml fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG (Fc specific) antibody. Cells were washed and suspended in PBS. Cell suspensions were mounted on glass slides and analyzed with an Axiovert 200 M inverted microscope (Carl Zeiss Micro Imaging, NY). Confocal images of calcofluor fluorescence were recorded using a multichannel mode. Z-stack images and measurements were corrected utilizing Axio Vision 4.4 software in deconvolution mode (Carl Zeiss MicroImaging, NY).
Cell Wall Integrity
Sabouraud's dextrose agar plates containing 1 mg/ml calcofluor white (Sigma) were made. CN 24067 were cultured in Sabouraud's dextrose broth at 37°C for 3 days with or without PTX (10 mM). Plates were inoculated with 10 4 , 10 3 , 10 2 , and 10 1 treated and untreated organisms and incubated at 30°C for 4 days. Colony morphology was evaluated as a qualitative assessment of susceptibility to killing by calcofluor in the presence of methylxanthine treatment [19] .
Melanization
To determine the effect of PTX on CN 24067 melanization, the organism was grown at 30°C for 10 days in varying concentrations of drug in defined media supplemented with 1 mM L-Dopamine media [20] . In one set of experiments, PTX in the culture media was replenished daily using the same concentration as baseline; while in a second set of experiments, PTX was added only at T 0 . After 10 days, 1 ml of each culture was aliquoted, spun at 16 G for 45 min, and observed for melanization and growth inhibition.
Results
Chitinase Activity
Chitinase activity was detected in the protein extracts of all fungi tested; however, there were differences in basal activity between fungi with A. fumigatus having the highest activity and C. albicans the lowest (Fig. 1a) . Co-incubation with PTX produced a dosedependent decrease in chitinase activity in all fungal extracts tested. Incubation with other methylxanthines (e.g., aminophylline, caffeine) also produced a dosedependent decrease in the chitinase activity of CN protein extracts (Fig. 1b) .
Fungal Growth Measurements
At a concentration of 10 mM, all methylxanthines (PTX, aminophylline, and caffeine) inhibited CN 24067 growth at 37°C in defined media as measured by turbidity (Fig. 2a) . Lower concentrations of methylxanthines resulted in a 20-40-h delay in log-phase growth. Growth inhibition was less prominent for CN grown at either 30°C or in Sabouraud's dextrose broth. Under these conditions, PTX (10 mM) treatment resulted in a delay in log-phase growth (Fig. 2b) . In Sabouraud's media, PTX (10 mM) delayed log-phase growth of CAP67, similar to CN 24067 (not shown). All concentrations of PTX (0.5-10 mM) inhibited A. alternata growth as reflected by an approximately 50% decrease in absorbance readings at 48 h. A similar 50% decrease in absorbance readings was also observed for A. Fumigatus, but only with high doses of PTX (10 mM). For these experiments, average absorbance readings for controls and treated cells were 0.26 ± 0.03 and 0.13 ± 0.01, respectively (P = 0.03). In contrast, no growth inhibition was observed for either C. albicans or C. parapsilosis with any of the methylxanthines (not shown).
Colony count experiments were performed to confirm that the absorbance readings for all yeasts accurately reflected fungal growth. CN 24067 growth was inhibited by high-dose PTX (10 mM) at all time points, 24, 48, and 72 h (Fig. 3a) . CN 24067 grown in defined media had a similar delay in growth for both treated and untreated organisms, and high-dose PTX (10 mM) again inhibited growth completely (Fig. 3b) . C. albicans and C. parapsilosis demonstrated no growth inhibition with high-or low-dose PTX (10, 0.1 mM, not shown). Manual colony counts confirmed our findings from automated turbidity measurements that this was a drug class effect with consistent inhibition of growth from pentoxifylline, aminophylline, and caffeine. 
XTT Assay
Absorbance readings and colony-forming unit determinations may not accurately reflect organism numbers due to changes in the physical characteristics of the yeast and changes in the budding pattern. Thus, we chose to measure the metabolic activity of yeasts as a reflection of cell density XTT assay. CN 24067 treated with 10 mM PTX demonstrated a 95% drop in XTT signal compared to untreated organisms (P \ 0.001) (Fig. 4a) . Likewise, PTX-treated CAP67 showed an 83% decrease in signal activity compared to controls (P \ 0.001). In contrast, PTX treatment of C. albicans resulted in a 17% increase in activity (P = 0.01). A. fumigatus treated with either PTX or aminophylline demonstrated a dose-dependent decrease in XTT signal (Fig. 4b) .
Fungal Cell Morphology
CN 24067 treated with 10 mM PTX were significantly smaller than untreated organisms with cell diameters of 4.0 ± 0.5 lm and 4.8 ± 0.6 lm, respectively (P \ 0.01). PTX had no effect on capsule size (not shown). Approximately 13% of untreated CN were budding, whereas 73% of PTX-treated CN were budding (P \ 0.0001) (Fig. 5) . None of the untreated CN had more than a single attached bud, while 40% of PTX-treated organisms had multiple buds.
Fluorescent Microscopy
To better appreciate the effects of methylxanthines on fungal structure, CN 24067 were stained using calcofluor white, which labels chitin in the cell wall and wheat germ agglutinin, which labels chitosan [18] . Untreated CN 24067 were spherical with an uninterrupted cell wall and well-healed bud scars. However, CN 24067 grown in 10 mM aminophylline or PTX for 72 h were irregularly shaped and exhibited lessdefined bud scarring (Fig. 6a, b) . PTX treatment resulted in a change in the distribution of WGA reactivity. Untreated CN demonstrated a diffuse distribution of reactivity over the cell wall surface, whereas PTX-treated cells showed an irregular pattern of WGA staining (Fig. 6c, d) . Overall, treated organisms demonstrated a greater degree of cell wall irregularity with incomplete bud detachment and poorly healed bud scars. No differences in capsular staining were noted. Likewise, A. fumigatus treated with 10 mM PTX demonstrated thinner, more delicate hyphae with less extensive branching. Calcofluor staining of treated A. fumigatus was less intense and more irregular compared to untreated organisms (Fig. 6e, f) .
Cell Wall Integrity CN 24067 treated with 10 mM but not 1 mM PTX exhibited poor growth on calcofluor supplemented plates when compared to untreated organisms (not shown).
Melanization CN 24067 treated with 10 mM PTX formed dark, but significantly smaller pellets when compared to nontreated CN. Of note, the supernatant of treated cultures was significantly darker consistent with leakage of melanin from the cell wall into the supernatant (Fig. 7) . Similar results were obtained with daily addition of PTX or a one-time addition of PTX.
Discussion
We document that a variety of genetically diverse fungi including, C. neoformans, A. fumigatus, A. alternata, and C. albicans, constitutively express chitinase activity. Interestingly, there was significant variation in chitinase activity among fungi that could be related to differences in growth rate, mechanisms of growth and replication, the presence of chitin and its precursors in the growth media, or the specificity of the assay for different chitinase types.
We also found that methylxanthines (aminophylline, pentoxifylline, and caffeine) inhibit chitinase activity in a dose-related fashion in these fungi. Fungi with higher baseline chitinase activity like A. fumigatus, C. neoformans, and A. alternata showed an 80-90% inhibition of activity in the presence of methylxanthine. Our results are consistent with those of Rao, who demonstrated competitive binding of methylxanthines (theophylline, pentoxifylline, and caffeine) to Aspergillus chitinases [12] . Candida spp., which had minimal baseline chitinase activity, showed no growth inhibition with PTX treatment. These differences in chitinase inhibition may reflect structural differences among the fungal chitinases and requires additional study. Methylxanthine mediated inhibition of chitinase activity correlated with inhibition of fungal growth as documented by turbidity assays, colony counts, and XTT assays.
Our findings highlight the importance of chitinases in fungal growth and cell remodeling and are consistent with prior studies. In Saccharomyces cerevisiae, the potent chitinase inhibitor demethylallosamidin alters cell septation [21] and disruption of the chitinase gene leads to a defect in cell separation without altering the amount of chitin present [22] . Likewise, deletions in the chitinase genes of C. albicans lead to irregular cell separation [23, 24] . Interestingly, Baker et al. [25] recently demonstrated that genetic deletion of CN chitinases had no effect on asexual growth, but did inhibit sexual reproduction. Furthermore, reduction of chitinase activity in A. fumigatus did not affect morphogenesis [26] . These discrepant results may be explained by the expression of multiple chitinases by fungi that have different roles [27] .
To determine the basis of methylxanthine-induced growth inhibition, we studied the effects of these drugs on fungal morphology. CN treated with high-dose PTX demonstrated several findings suggestive of impaired chitin remodeling, including lack of daughter cell detachment, small cell size, and irregular cell shape. Likewise, A. fumigatus treated with methylxanthines exhibited thinner hyphae and less extensive branching. For CN, methylxanthine-induced changes in morphology correlated with functional defects in the cell wall as manifested by increased susceptibility to killing and irregular colonies on calcofluor plates.
One potential explanation for the particular susceptibility of C. neoformans to methylxanthines relates to the polysaccharide capsule [28, 29] and the role chitosan (a chitin derivative) plays in attaching the capsule to the cell wall. Staining for chitosan in treated organisms showed a loss of the punctuate pattern. In addition, we observed leakage of melanin in the supernatant that has also been observed in chitosan-deficient mutants [1] . Nonetheless, we were unable to detect gross differences in the intensity of chitosan staining in PTX-treated organisms. Furthermore, methylxanthine treatment inhibited growth of an acapsular strain of CN, indicating that cell wallcapsule linkage is not the primary target of methylxanthine activity.
While our results suggest the feasibility of chitinase inhibition as an approach to antifungal therapy, there are several caveats regarding the treatment of fungal infections with methylxanthines. Firstly, the concentrations of methylxanthines needed to inhibit fungal growth were relatively high (e.g., 10 mM). We note that these concentrations of methylxanthines are higher than the micromolar concentrations of theophylline derivatives that inhibit S. cervesiae chitinase, and may reflect the particular methylxanthine and conditions under which fungal growth was measured [13] . Methylxanthines like theophylline and aminophylline have a narrow therapeutic index, which limits higher dosing. The pharmacokinetics of methylxanthines may be altered in fungal infection and lead to increased toxicity [30] . Also, methylxanthines may alter the host inflammatory response and inhibit human chitinases. Methylxanthines are known to inhibit TNF-a release [31] [32] [33] , which has been implicated in the host response to a variety of fungal infections [34] [35] [36] [37] [38] .
Cumulatively, our data indicate that fungal chitinases may provide a new strategy for antifungal therapy. Furthermore, methylxanthines may serve as a basis for the formulation of new compounds with anti-chitinase activity. In targeting fungal chitinases, an important consideration is any effect on the host inflammatory response [39] and including host chitinase inhibition.
